Nucleic acid therapeutics
The field of cancer immunotherapy has been recently invigorated by the discovery that vaccination with dendritic cells (DCs) pulsed with tumor antigens is a potent strategy to elicit protective immunity in tumor-bearing animals. The recognition that the cellular arm of the immune response is best equipped to recognize tumor cells as foreign and to lead to their eradication has shifted the emphasis in vaccine development. Vaccines that induce cellular responses, especially by the CD8 + cytotoxic T lymphocyte (CTL) arm of the immune system, are now favored over those that activate humoral immunity. At the same time, DCs have emerged as the most potent antigen-presenting cells (APCs) for eliciting antitumor CTLs. DCs can be generated from cancer patients by culturing adherent PBMCs from the patients for 5-7 days in the presence of cytokines (1) .
The major research effort in many labs involves the choice of tumor antigen with which to load these DCs. The issues being addressed are, first, the composition of the antigen, whether a defined tumor antigen or an unfractionated mixture of tumor-derived antigens; and second, the form in which the antigen should be presented, whether as a polypeptide or a nucleic acid. Here, we focus on the use of RNA-transfected DCs in cancer immunotherapy, reviewing current data on the transfection of DCs with RNAs encoding either defined or unfractionated tumor antigens. We also consider the advantages and disadvantages of employing RNA transfection in loading DCs with tumor antigens and the merits of RNA transfection in situations where a low level of transiently expressed protein is sufficient to allow antigen presentation.
Nonviral versus viral gene transfer
The desired outcome of a DC vaccine is to elicit an immune response against antigens that are expressed endogenously within or loaded exogenously onto the DCs (2). For several reasons, expression within DCs of proteins other than the relevant tumor antigens may interfere with generating a potent antitumor immune response. First, a poorly understood but well-documented immunological phenomenon called immunodominance may occur, whereby other antigenic proteins, such as viral antigens, mask or suppress the response to the less potent tumor antigens (3) . Second, activated CTLs may recognize and kill antigen-presenting DCs (4). In particular, DCs expressing both viral and tumor antigens may be eliminated by virusspecific T cells before they can activate a tumor-specific response. If a viral vector is used to deliver the tumor antigen, this elimination effect would be amplified with subsequent immunizations, as it is likely that the virus-specific T-cell pool would be expanded with each vaccination. Hence, it seems desirable to develop methods of DC transfection that lead to the expression of only those proteins toward which an immune response is desired. It should be noted that while many viral vectors have been developed which limit the expression of viral proteins in the target cells, DCs are very efficient at processing and presenting proteins of inactivated viruses that they endocytose, so the potential problem of immunodominance may be unavoidable even with these improved vectors (5).
The use of nucleic acids in DC loading
DCs must be loaded with tumor antigens in order to elicit an immune response against cancer cells in vaccinated patients. These antigens can be in the form of peptides, cellular extracts from tumor cells, apoptotic bodies, purified proteins, or nucleic acids (6) (7) (8) (9) (10) . These antigens are then processed and displayed on the surface of the DCs as defined antigenic peptides, which lead to the activation of tumor-specific CTLs. The method of choice for loading DCs with tumor antigens would be the one that leads to the most efficient display of antigenic tumor-derived peptides in a manner that elicits the most potent antitumor T-cell immune response. For reasons discussed below, transfection with nucleic acid may be preferred for this purpose.
The number of known tumor antigens -proteins expressed specifically in malignant cells against which the immune system can mount a response -is small, even for melanoma, which is the best-defined type of tumor in this respect. In addition, because patients whose tumors have recurred after primary therapy often present with small, disseminated metastases that are difficult to culture, the amount of tumor tissue available is often very limited (11) . Thus, methods of DC loading that depend on knowing the structure of specific tumor antigens or that rely on the availability of abundant tumor tissue (cellular extracts or apoptotic bodies) are applicable to very few cancer patients. While continued advances in antigen discovery and tissue culture technique may alleviate these difficulties and allow broader use of immunotherapies based on defined antigens, alternative approaches will be needed for the foreseeable future. Nucleic acid transfection, which relies on well-characterized methods of cDNA cloning and amplification, allows for the antigenic content of tumors to be isolated from a small number of tumor cells (12) . In fact, a cDNA library can be made from even a single cell, allowing the content of tumor cells to be isolated and amplified from nearly any cancer patient.
The use of nucleic acid templates for the expression of tumor-derived antigens allows for the expression of the antigens as full-length proteins within DCs. This allows the antigen-processing machinery of the patients' own DCs to process these proteins and display the peptides on their surface. A reasonable assumption is that the most relevant peptides are presented to the patient's immune system. Vaccine strategies based on synthetic peptides or proteins require knowledge of the relevant peptides for that patient pool and assume that the peptides chosen will be the ones best recognized by the immune system of that patient. When DCs are transfected with the tumor antigens, the patient's own immune system makes that choice. Thus, for both immunological and practical considerations, nucleic acid transfection of DCs offers several advantages over other described methods.
RNA versus DNA transfection DNA vectors have been used far more frequently than RNA for gene expression in DCs and other cell types (13) (14) (15) . Historically, DNA has been used for most transfections. It is more stable than RNA and can be produced in large quantities, and the template for expression of the cloned gene can be modified to regulate expression of the gene. Although reports of cancer immunotherapy using DCs transfected with nonviral DNA vectors are few, it appears that these DCs can elicit antitumor immune responses (15) (16) (17) . These vaccines are believed to work by direct transfection of DCs, such as the Langerhans cells within the skin.
RNA transfection of DCs may be advantageous in several respects. The mRNA content of tumor cells can be directly isolated from tumors (when sufficient material is available) and can be transfected into DCs with no intervening cloning steps. In the more common scenario, amplification of the mRNA content can be achieved using RT-PCR. If libraries are devised so that a bacteriophage RNA polymerase promoter is present in the 5′ end of each cDNA, an unlimited supply of in vitro transcribed mRNA is available without the need for cloning or the subsequent removal of bacterial contaminants. Moreover, transfected RNA need only reach the cytoplasm of DCs, whereas DNA requires entry into the nucleus and subsequent transcription to generate the encoded message.
A potentially significant advantage of using RNAencoded antigens is safety. The half-life of stable mRNA species in the mammalian cell is less than 24 hours, while unintegrated DNA can persist and function in nondividing cells for months. Vaccination with total tumor-derived antigens in the form of DNA would be of greater concern, especially if tumor antigens that are mechanistically implicated in tumorigenesis, such as the products of the human papilloma virus E6 or E7 genes, were to be introduced into DCs.
Another major advantage of RNA transfection is its ability to express several tumor-derived genes within the DCs. Multiple mRNA species can be transfected into the target cell, leading to the translation of several different gene products within the same cell. With DNA transfection, in contrast, only one or a few copies of a DNA vector will usually be incorporated into each cell, therefore limiting the expression within each DC to a few proteins. To incorporate a desired gene in the form of RNA only requires adding that species to the mixture to be transfected; DNA technology would require additional cloning steps.
There are also some drawbacks to the use of RNA for transfection. RNA is a more labile molecule than DNA. The half-life of RNA is approximately 5 hours in serum-free media but is measured in minutes when serum is present. However, although it might be expected that the levels of expressed protein following RNA transfection would be less than those achieved by DNA transfection, studies that have compared the two show comparable levels of reporter gene activity (18) . No such comparison between DNA and RNA transfection has been reported in DCs, but we have noted efficient expression of a green fluorescent protein reporter gene following RNA transfection of transformed cell lines and much lower expression in comparably treated DCs (S.K. Nair, unpublished observations). Whether DCs synthesize less protein or degrade the expressed marker more rapidly than the other cells is not known, but other transfection methods can lead to higher levels of protein expression in DCs (19) .
The low level of intact protein expression achieved by RNA transfection would clearly be a limitation if the intent were to modify the function of the target cell with the expressed protein. However, when the explicit goal is to elucidate a potent immune response against the transfected antigens, expression at a low level offers a theoretical, but perhaps not insignificant, advantage: The effectiveness of a T cell-mediated immune response is greatly influenced by how readily the T cells are able to recognize and kill their targets and how abundantly those target peptides are expressed. The overall combination of T-cell receptor affinity and abundance of antigenic peptide on target cells is referred to as the avidity of the immune response. If a given antigenic peptide is relatively scarce on the surface of target cells, as is likely the case for tumor antigens on cancer cells, then only T cells with high-affinity receptors will allow a response of sufficient avidity to permit the killing of the target cell. When DCs present an abundant level of antigenic peptides to the immune system, the T cells activated can be of low affinity and thus mask the activation of the high-affinity T cells, which may generate a population of T cells that can kill targets that carry large amounts of the peptide on their surface, but that cannot kill the relevant tumor cells. Conversely, when a low level of antigenic peptides is presented by DCs, only those T cells with a high-affinity recognition are activated, thus skewing the response toward T cells that can better recognize the tumor cells. Such skewing toward high-or low-affinity T cells, depending on the amount of peptide on the APC surface, has indeed been observed (20) . Based on this consideration, the low level of protein expression in RNA transfected DCs may be advantageous, provided that expression levels are sufficient to generate a T-cell response. In studies using the model tumor antigen carcinoembryonic antigen (CEA), we showed that DCs transfected with CEA RNA are comparable to peptidepulsed DCs in stimulating T cells against the defined peptide epitope, and more effective than peptidepulsed DCs in stimulating T cells against tumor cells expressing CEA (21). While we cannot directly attribute the greater effectiveness of RNA-transfected DCs to the activation of higher affinity T cells, we conclude that the lower expression of antigenic protein does not appear to limit the efficacy of the DCs.
Methods of RNA transfection
The delivery of RNA into target cells was initially described in studies that investigated the use of RNA genome viruses (22) . Most recent studies exploring the delivery of RNA to target cells have used RNA/liposome complexes to achieve transfection (23) (24) (25) . Experience with DNA transfection has taught us that the efficiency of gene transfer is greatly influenced by the choice of lipid vehicle, the ratio of nucleic acid to lipid, the concentration versus toxicity of the complexes, and the cell type one desires to transfect. Few comparative studies have been published for transfection of RNA, but Lu et al. report that RNA/DOTAP complexes achieve the strongest expression of a reporter gene mRNA in a human breast cancer line (23) and that expression is affected by both the choice of lipid and the lipid/RNA ratio. Glenn et al. (24) have also explored the use of liposomes incorporating proteins as a means to target delivery of RNA/liposome complexes to specific cells (24) . Finally, gene gun (biolistic) delivery of mRNA into cultured cells can be used for transgene expression to elicit immunity (26) .
Incorporation of the 5′ and 3′ untranslated regions of β-globin mRNA greatly stabilizes RNA transfected into cells and leads to over a 1,000-fold increase in reporter gene expression in transfected cells (25) . We have also found that lengthening of the polyA tail in the mRNA transcripts increases expression of GFP in target cells (S.K. Nair, unpublished observations). While it has been reported that RNA transfection in vivo requires a lipid carrier, we have found that human DCs can be transfected in vitro using naked RNA (21) . The ability to transfect DCs efficiently without lipid depends on exposing them to the RNA when they are immature, a stage when they take up exogenous material avidly. We have found that DCs transfected with naked RNA were comparable to those transfected with RNA/lipid complexes in the stimulation of antigenspecific CTL responses but required that more RNA be used. Thus, the cloning, mRNA synthesis, and transfection strategy one chooses when designing an RNAbased vaccine can greatly influence the expression pattern and probably the immunological outcome.
RNA-transfected DCs as cancer vaccines
Strategies proposed for cancer vaccines are numerous, but resources for testing them are limited. Thus, the decision of whether to advance a given approach to clinical trials must rest on evidence for its potential advantages, wide-scale applicability, and efficacy in defined animal models. The greatest advantage of the use of RNA-transfected DCs is the ability to extend this approach to a wide number of patients who previously were excluded from clinical trials due to limitations in obtaining tumor material. Building on existing technologies in molecular biology, we have found that tumor mRNA can be isolated from a very small number of tumor cells, amplified, and used without loss of biological function (12) . For instance, RNA isolated from tumor cells that were microdissected from pathology slides can be amplified and used to generate an antitumor immune response when transfected into DCs. The methodology employed for amplifying the mRNA greatly influences the efficiency of amplification as well as the fidelity of the RNA obtained. We have found that using a primer in the reverse transcription reaction that generates a long polyA tail in mRNA product leads to better CTL responses (12) .
The efficacy of RNA transfection in eliciting immunity in vivo has been seen in several mouse studies, in which potent CTL responses developed in animals immunized with mRNA/lipid complexes (27) (28) (29) (30) (31) . These responses were comparable to those achieved by infection with live virus, indicating a physiologically significant level of immunity achieved by vaccination with RNA. In most cases, DCs transfected with RNA have proved superior to peptide-pulsed DCs in eliciting CTL responses against either peptide-pulsed experimental targets or intact tumor cells (10, 12, 21) . Fur-thermore, in tumor challenge experiments and stringent animal models of experimental metastasis, DCs transfected with in vitro transcribed RNA or total tumor RNA elicit protective antitumor immune responses (10, 12, 31) . Zhang et al. demonstrated the efficacy of tumor RNA-pulsed DCs in the 3LL lung carcinoma model and demonstrated that they could enhance the antitumor effect of their vaccine by expressing the chemokine lymphotactin in the DCs (30) . Fortunately, no autoimmune responses have been detected in mice vaccinated with DCs transfected with total tumor RNA.
The efficacy of in vivo vaccines that aim for T-cell immunity probably depends on the presentation of the relevant antigens by DCs. It remains to be seen whether strategies delivering antigen ex vivo into cultured DCs or those based on direct immunization in vivo will be the most effective at eliciting potent antitumor immune responses.
Future directions
A major limitation to immunotherapy development for malignancy at present lies in the lack of intermediate markers of success. Because in most cases the relevant antigen is unknown and little tumor tissue is available, patients' immune responses to vaccination can now be evaluated only by following the clinical regression of their tumors. While this is one of the clinical endpoints in which we are most interested (the other being survival), it would be useful to monitor several immunological endpoints by sampling the patient's serum and measuring T-cell responses against the tumor cell targets. Transfecting DCs with mRNA encoding the antigenic content of the tumor cell has allowed us to devise tests for immune responses despite our ignorance of specific tumor targets. We now can engineer "tumorcell equivalents" or DCs transfected with tumor mRNA as targets to monitor the patient's response against the administered vaccine. We find that the cytotoxic T lymphocytes elicited in a cancer patient by RNA-transfected DCs can lyse the patient's own tumor cells, as well as DCs transfected with the relevant tumor RNA, but not cells transfected with unrelated tumor RNA (S.K. Nair et al., unpublished observations). These studies suggest that RNA-transfected DCs can be used as surrogate targets to reliably measure the immune response that will be directed against the real targets, the patient's own tumor cells.
While RNA transfection is now adequate to direct low levels of protein expression and allow for antigen processing in DCs, this tool is not yet able to modify cellular function. To this end, RNA templates might be modified to improve stability and also to redirect processing of the protein. Thus, incorporating a lysosomal targeting sequence into the CEA transcripts enhances CEA-specific Th cell responses, possibly because the expressed protein is redirected to the processing pathway responsible for activating Th cells (21) . Incorporation of Th cells in the vaccine strategy should improve CTL responses in patients. In addition, since cell-specific targeting of DNA-lipid complexes can enhance gene expression, it is likely that a similar approach adapted to the RNA platform will improve delivery of mRNA to DCs.
Systematic searches for human tumor antigens recognized by T cells have generally been limited to studying melanoma. Melanoma cells, unlike those in many other types of cancers, can be established in culture. Furthermore, melanoma patients exhibit a weak but specific CTL response which can be expanded ex vivo. RNA transfection offers a means to expand the scope of vaccination to other classes of tumors by providing an effective and readily measured method for generating a tumor-specific T-cell response and greatly reducing the amount of tumor tissue needed for antigen isolation. Because tumor mRNA-transfected DCs are potent stimulators of T-cell immunity in vitro and in vivo (10, 12, 21, 31) and can function as targets in CTL cytotoxicity assays, they offer a practical substitute for tumor cells in assays to test the immunological effects of specific antigens.
In summary, the use of DCs transfected with RNA for tumor immunotherapy is an effective vaccination platform. The versatility and safety of RNA-based vaccines warrants further exploration of this strategy. We hope that, at the very least, more investigators will have acquired experience with RNA-based DC vaccines and that this approach will have been attempted in a greater variety of experimental models and clinical settings by the time the next review on this topic is published.
